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a  b  s  t r  a  c  t
The  thermoelectric  properties  of  the double-perovskite-type  oxide  Sr2MnMoO6 were  investigated  in
terms  of  La  doping  at the  A-site  of  the  oxide.  The  Bragg  reﬂection  of Sr2−xLaxMnMoO6 was  indexed  with
a  monoclinic  unit  cell  and  the  structure  was  determined  in  the monoclinic  space  group  P21/n,  due  to the
good  agreement  between  the  observed  and  calculated  patterns  after  Rietveld  reﬁnement.  The  electri-
cal  conductivity  of  the oxides,  , showed  a semiconductor  characteristic,  increasing  monotonically  from
0.1  to 0.5 S/cm  at room  temperature  to 5–50 S/cm  at  1250 K. The  Seebeck  coefﬁcient,  S, indicated  the
oxides  to be of  n-type.  The  absolute  values  of  S increased  with  increasing  temperature.  These  absolute
values  increased  at just  x  =  0.1, and  then  drastically  decreased  with  increasing  x  ranging  from  0.3  to 1.0.
The  power  factor  of the  oxides,  S2, increased  with  increasing  temperature;  Sr1.9La0.1MnMoO6 showed
2ietveld analysis approximately  0.12  mW/mK at 1250  K,  which  is the  largest value  among  all the  samples  examined  in
this  study.  The  thermal  conductivities  of  the  oxides  showed  a temperature  independent  behavior,  ranging
approximately  0.6–1.0  W/mK,  and  the values  were  signiﬁcantly  low.  The  dimensionless  ﬁgure  of merit,
ZT  =  S2T/,  increased  with  the  increasing  temperature.  The  highest  ZT  value  of  0.13  was observed  for
Sr1.9La0.1MnMoO6 at 1100  K.
ic  So
c
b
r
t
M
r
m
p
p
s
g
d©  2013  The  Ceram
. Introduction
The search for new thermoelectric materials has become
ncreasingly important for recycling and utilization of high-
emperature waste heat. Oxides such as thermoelectric materials
ffer many advantages, such as high thermal stability, low cost,
nd weak toxicity. Since the last decade, high-performance oxide
eramics have been undergoing development [1–3]. The conver-
ion efﬁciency of a thermoelectric material is evaluated according
o its ﬁgure of merit, deﬁned as Z = S2/, where S is the Seebeck
oefﬁcient,  is the electrical conductivity, and  is the thermal
onductivity.∗ Corresponding author. Tel.: +81 6 6879 8521; fax: +81 6 6879 8522.
E-mail address: sugahara@eco.sanken.osaka-u.ac.jp (T. Sugahara).
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
187-0764 © 2013 The Ceramic Society of Japan and the Korean Ceramic Society.
roduction and hosting by Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jascer.2013.06.006
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Perovskite-type oxides show various properties, such as super-
onductivity and piezoelectric, photocatalytic, and thermoelectric
ehavior. These oxides are potentially attractive functional mate-
ials because of their various unique properties, notwithstanding
heir relatively simple crystal structure. Moreover, perovskite-type
n  oxides are of interest because of the different, strongly cor-
elated electron phenomena that they exhibit, such as colossal
agnetoresistance, charge and orbital ordering, and electronic
hase separation [4,5]. This complex behavior arises from com-
eting interactions that inﬂuence the magnetic, electronic, and
tructural properties. Holes are introduced in charged doped man-
anites by chemical substitution of the trivalent lanthanide for a
ivalent cation, such as in La1−xCaxMnO3.
Recently, numerous complex oxides of transition metals have
een attracting the attention of researchers as objects for the pro-
uction of novel functional materials. Among them, perovskites
ith a more complex composition, such as A2BB′O6 [6–8], A3B2B′O9
9,10], A4B3B′O12 [11], and AA′BB′O6 [6], which are characterized
y ordered arrangement of cations in the A, A′, B, and B′ positions (A
nd A′ are the alkaline-earth or rare-earth element; B and B′ are the
ransition metal on perovskite B sites), have drawn much interest.
ery recently, we investigated the thermoelectric property of com-
lex perovskite-type oxide materials, such as double-perovskite
xides Sr2−xCaxFeMoO6, Sr2−xBaxFeMoO6, Sr2−xLaxCoTiO6−ı, and
r2−xKxFeMoO6 [12–15] at temperatures ranging from room tem-
erature to 1250 K. These oxides exhibited comparatively high
n Ceramic Societies 1 (2013) 282–288 283
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microstructure of the Sr2MnMoO6 sample shows a porous matrix
before hot-pressing. Before HP treatment, the relative density of
Sr2MnMoO6 sintered bodies was  described at approximately 60%.
As shown in Fig. 2(b), however, the grain sizes of the sample afterT. Sugahara et al. / Journal of Asia
hermoelectric efﬁciency than the generally observed thermoelec-
ric oxides. However, the oxides have never been used at a practical
evel, i.e., ZT (T is the absolute temperature) < 1.0. The double-
erovskite oxides A2BB′O6 contain two kinds of transition metals
ccupying the B and B′ sites alternately [16–18]. A few studies
n transport properties have been carried out bulk materials of
ouble-perovskite-type Mn  oxide Sr2MnMoO6 [19,20] at low tem-
eratures. However, the transport properties of bulk materials
bove the room temperature have scarcely been reported. In this
tudy, we focused on the structural and thermoelectric proper-
ies of densely sintered Sr2MnMoO6 using hot-press in terms of
a-doping effects at the A-site of the oxide.
. Experimental
The raw materials, consisting of SrCO3, La2O3, Mn3O4, and MoO3
owders, were weighed to the prescribed molar ratios and were
ixed by locking-milling for 1 h and ball milling for 24 h. They were
hen pressed into disks with cooling isostatic pressure at 100 MPa
or 1 h and sintered at 1223 K for 10 h in an Ar + 5% H2 atmosphere.
he sintering bodies were triturated and mixed for mortar, then
ot-pressed (HP) into disks at 1273 K for 2 h in Ar. For the ﬁnal pro-
ess, the samples were annealed at 1543 K for 6 h in an Ar + 3% H2
tmosphere. The fracture surface of the samples was observed by
eld emission scanning electron microscope (FE-SEM) using Joel
SM-5310. The powder X-ray diffraction (XRD) patterns were mea-
ured in the range of 2 = 15–90◦ for each sample using a Rigaku
int2200 diffractometer with Cu-K radiation at 40 kV and 40 mA.
or Rietveld reﬁnement of powder X-ray data, a step size of 0.008◦
nd a step time of 10 s were used. The data were collected on a
ANalytical X’Pert PRO diffractometer in the range of 2 = 15–100◦
or each sample, with Cu-K radiation at 45 kV and 40 mA.  Struc-
ure reﬁnement was done using the multi-purpose pattern-ﬁtting
ystem RIETAN-FP [21] software for Rietveld method. Standard
rocedure was  followed for the reﬁnement with Sr or La ions sta-
istically allocated to the 4e site (P21/n symmetry), and Mn  and
o to the 2d and 2c sites (P21/n symmetry), respectively. The ﬁnal
eﬁnement cycle involved the unit cell, scaling factor, ﬁve terms for
he background ﬁtting, and the site occupancy factors. The isotropic
tomic displacement parameters for all the atoms were ﬁxed at 0.5.
he samples for electrical measurements were cut from the pellets
s rectangular bars of approximately 3 mm × 3 mm × 10 mm,  and
he electrical conductivity and Seebeck coefﬁcient were measured
t temperatures ranging from room temperature to 1250 K in Ar
n an Ozawa Science RZ2001i thermoelectric property measure-
ent system by four-wire and steady-state methods, respectively.
 temperature step of 50 K was selected, and a total time of
easurement was adjusted to approximately 10 h for each mea-
urement. The thermal conductivity, , was determined from the
hermal diffusivity and speciﬁc heat capacity obtained by laser
ash measurement on a Kyoto Electronics Manufacturing LFA-502
nstrument at temperatures ranging from room temperature to
250 K in vacuum (10−4 Pa).
. Results and discussion
The Sr2−xLaxMnMoO6 compounds were easy to obtain from
 single phase. However, the density of the sintered body was
uch lower than the theoretical density (T.D.) of approximately
0%. Fig. 1 shows the XRD patterns before and after HP treatment,
hich do not show signiﬁcant difference. However, the relative
ensity of the compounds improved with HP treatment. Fig. 2(a)
hows the SEM images of pressure-less sintered one in a previ-
us study [12] and Fig. 2(b) presents the hot-pressed Sr2MnMoO6
F
hig. 1. XRD patterns of Sr2MnMoO6 measurement from Cu-K radiation (a) before
nd (b) after hot-press treatments.
ample examined in this study. As can be seen in Fig. 2(a), theig. 2. SEM image of the fracture surface of Sr2MnMoO6 (a) before and (b) after
ot-press treatments.
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(ig. 3. X-ray powder diffraction data (circle) and ﬁt Rietveld reﬁnement proﬁle (s
onoclinic P21/n space group of Sr1.5La0.5MnMoO6. The small bars indicate the ang
roﬁle: Re = 2.96%; and  (=Rwp/Re) = 1.5507 and 1.0973, respectively.
P treatment were observed to be larger than those noted before
P treatment. Furthermore, the grains were shown to be in good
lose contact. Hence, the relative density (i.e., the density of the
intering body) of this system-treated HP technique improved
rastically up to approximately 90% T.D.; the x = 0.0, 0.1, 0.2, 0.3,
.5, and 1.0 samples show 85.0, 91.1, 91.1, 90.0, 89.1, and 88.5%,
espectively.
In the Rietveld reﬁnement of the XRD study for possible tetrago-
al, orthorhombic, and monoclinic space groups, we used the
attern-matching model to restrict the possibilities. The remaining
pace groups were then checked one by one (e.g., I4/m, P42/n, Pbnm,
nd, ﬁnally, P21/n). Fig. 3 shows the powder XRD data for both the
4/m and P21/n space groups, which ﬁts the Rietveld reﬁnement
roﬁle and its difference for the Sr1.5La0.5MnMoO6 sample. For
etailed structural data of the samples, the structure for the I4/m
pace group was presented by Ritter et al. and Zhang [16,22], and
hat for P21/n was proved by Caspi et al., Horikubi et al., and Morit-
mo  et al. [23–26]. As can be seen in Fig. 3(b), for all compositions
f Sr2−xLaxMnMoO6, some superlattice reﬂections were observed
n the diffraction pattern, which were not seen in the I-centered
etragonal symmetry, i.e., the I4/m space group. The monoclinic
21/n space group can deﬁne those reﬂections, as (2 2 1), (3 1 1)
eﬂections around 46◦ and 53◦ (see Fig. 3(d)). These results reveal
hat the crystal structure of Sr2−xLaxMnMoO6 belongs to the mono-
linic symmetry, i.e., the P21/n space group.
a
a
r
tnes), and their difference (at the bottom) for each (a, b) tetragonal I4/m and (c, d)
ositions of the Bragg reﬂections. The weighed proﬁle: Rwp = 4.59%, 2.96%; expected
Fig. 4 shows the results of the Rietveld reﬁnement assuming
he P21/n space group with RIETAN-FP for the powder XRD pat-
erns of Sr2−xLaxMnMoO6. The R factor for all Sr2−xLaxMnMoO6
amples indicates that the ﬁt was  reasonably good. Accordingly,
he  values, which are among the most important of R fac-
or ﬁgures, ranged between approximately 1.1 and 1.2. Hence,
ll the Sr2−xLaxMnMoO6 samples were obtained almost from a
ingle phase of monoclinic perovskite, the P21/n space group.
able 1 summarizes the lattice parameters, bond lengths, bond
ngles (Mn  O Mo)  between the transition metal (M:  Mn,  Mo)  and
xygen (O), and the anti-site defects (ASD) for Sr2−xLaxMnMoO6
etermined from the Rietveld analysis. Additionally, the lattice
arameters, such as a0 = a/
√
2, b0 = b/
√
2, and c0 = (c sin ˇ)/2 ∼ c/2,
ere estimated on the basis of the single-perovskite unit cell, as
hown in Fig. 5. As can be seen in Table 1 and Fig. 5, although the
- and c-axis length remained unchanged or slightly increased, the
-axis length increased; hence, the unit cell volume, V, somewhat
ncreased with increasing La concentration. In the ideal-ordered
ouble perovskite, B′ and B′′ ions are ordered in a rock-salt struc-
ure. However, the Mn  (Mo) ions usually get misplaced in the Mo
Mn) sites, in what is called as an ASD. A perfectly ordered B′nd B′′ sublattice presents 0% of ASD, while 50% of ASD means
 completely disordered one; i.e., each B′ and B′′ position can be
andomly occupied by a Mn  or Mo  ion. As can be seen in Table 1,
he occupancy of the Mn  ion at the Mo  site (ASD) of the oxide is
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Table  1
Crystallographic data for Sr2−xLaxMnMoO6 (0.0 ≤ x ≤ 1.0) from Rietveld reﬁnement of powder X-ray diffraction data.
Sr2−xLaxMnMoO6
x 0.0 0.1 0.2 0.3 0.5 1.0
Lattice parameters
a/A˚ 5.658(9) 5.659(5) 5.660(4) 5.662(1) 5.664(2) 5.663(0)
b/A˚  5.657(1) 5.658(5) 5.660(4) 5.664(9) 5.671(4) 5.705(2)
c/A˚  8.008(5) 8.009(3) 8.010(2) 8.016(5) 8.004(2) 8.016(0)
ˇ/◦ 90.06(0) 90.03(5) 89.99(7) 89.96(9) 90.06(1) 90.02(9)
V/A˚3 256.3(8) 256.4(9) 256.6(5) 257.1(3) 257.1(3) 258.9(9)
Reliability factors
Rwp/%a 3.81 3.66 3.06 3.17 3.25 3.57
Rp/%b 2.93 2.83 2.31 2.31 2.47 2.75
Re/% 3.19 3.30 2.68 2.76 2.96 3.27
RI/%c 2.24 2.22 1.87 2.23 2.47 2.90
RF/%d 2.63 2.30 2.19 2.96 3.25 2.89
  = Rwp/Re 1.1947 1.1094 1.1415 1.1493 1.0973 1.0913
Bond  lengths and bond angles
Sr/La O1/A˚
2.93(2) 2.89(7) 2.83(3) 2.75(7) 2.55(2) 2.59(6)
2.46(3) 2.36(8) 2.52(8) 2.60(0) 2.64(4) 2.96(8)
2.68(3) 2.74(3) 2.79(4) 2.85(9) 3.04(5) 2.60(7)
Sr/La  O2/A˚
2.79(8) 2.76(6) 2.43(8) 2.45(6) 2.38(3) 2.44(0)
2.77(6) 2.69(9) 2.62(0) 2.55(4) 3.44(4) 3.45(3)
2.95(8) 2.98(7) 3.36(4) 3.38(2) 2.82(3) 2.92(6)
Sr/La  O3/A˚
2.74(6) 2.49(7) 2.70(4) 2.96(0) 2.67(2) 2.65(6)
2.48(1) 2.75(2) 2.82(9) 2.82(0) 2.64(7) 2.52(4)
Mn  O1/A˚ 2.14(9) 2.18(8) 2.17(8) 2.21(9) 2.23(4) 2.20(9)
Mo  O1/A˚ 1.93(0) 1.92(4) 1.90(7) 1.84(8) 1.85(9) 1.90(7)
Mn  O2/A˚ 2.10(5) 2.09(4) 2.15(3) 2.17(1) 2.19(0) 2.24(7)
Mo  O2/A˚ 1.90(0) 1.91(7) 1.95(9) 1.96(2) 1.94(1) 1.91(6)
Mn  O3/A˚ 2.11(9) 2.11(2) 2.07(5) 2.07(4) 2.07(7) 2.04(6)
Mo  O3/A˚ 1.96(3) 1.96(0) 1.93(1) 1.93(4) 1.93(9) 2.03(0)
Mn  O1 Mo/◦ 157.5(6) 153.3(4) 156.8(6) 159.8(4) 156.5(4) 155.0(9)
Mn  O2 Mo/◦ 174.8(6) 172.1(6) 153.4(6) 151.2(8) 151.8(6) 149.7(5)
Mn  O3 Mo/◦ 157.6(5) 159.2(2) 178.6(6) 179.1(5) 170.7(4) 159.0(3)
ASD/%  3.5 7.6 6.6 9.7 13.6 13.6
For all the samples, the monoclinic space group P21/n, with the following atomic positions: Sr(La), O1, O2, O3 at 4e (x, y, z), Mn (anti-site defect [ASD]: Mo)  at 2d (1/2, 0, 0),
and  Mo  (ASD: Mn)  at 2c (0, 1/2, 0). Numbers in parentheses are standard deviations of the last signiﬁcant digit. The weighed (Rwp), and expected (Re) agreement factors also
are  given. Selected bond lengths (A˚) and bond angles (◦) are shown.
a xxx Rwp =
√∑
wi [yobs−y2calc]
2∑
wi [yobs]
2
,
where i = 1, n is the number of observations, and yi is the observed intensity.
b xxx Rp =
∑
|yobs−ycalc |∑
yobs
;
c xxx RI =
∑
|Iobs−Icalc |∑
Iobs
,
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ihere I is the assigned intensity to the Bragg reaction at the end of the reﬁnements
d xxx RF =
∑
|
√
Iobs |−
√
Icalc |√
Iobs
.
pproximately 10% and remains unchanged for x level. The assump-
ion of random distribution of B-ions is also supported by the
onclusions of Anderson et al. [6] that ordered structure is most
ikely to be formed if the charge difference between B′ and B′′ is
 or higher and the Goldschmidt ionic tolerance factor, t [6,25], is
ess than 1. There are more than two charge differences between
n2+ and Mo6+ or between Mn3+ and Mo5+ in the B-sites of this
ompound. The Sr2−xLaxMnMoO6 samples always show the near
rdering of B-site cations while synthesizing the substitution x
ange (0.0 ≤ x ≤ 1.0). The reason for this is the t value being around
 or below 1 for the substitution of Sr for La, because the t values
6,26,27] of Sr2Mn2+Mo6+O6, Sr2Mn3+Mo5+O6, SrLaMn2+Mo6+O6,
nd SrLaMn3+Mo5+O6 are 0.95, 1.00, 0.94, and 0.99, respectively.
Fig. 6(a) and (b) shows the Arrhenius plots of the electrical
onductivities, , and the Seebeck coefﬁcient, S, as a function
f temperature. The  values are of the order of 10−1 S/cm at
oom temperature, and increased with increasing temperature.
his behavior indicates the typical characteristics of a semicon-
uctor. The  values of the oxide rapidly increased at x = 0.1, and
c
b
encreased with increasing La substitution level up to x = 0.2. How-
ver, the  values for 0.3 ≤ x ≤ 1.0 samples remained unchanged
r slightly decreased with increasing La substitution (see inset
f Fig. 6(a)), because the carrier concentration increased with an
ncrease of up to x = 0.2 by substituting Sr2+ with La3+. It is conceiv-
ble, however, that La3+ ions in the range of 0.3 ≤ x ≤ 1.0 samples
annot dop the carrier effectively. The reason for this may have
een caused charge compensation by oxygen vacancy from the
lectron heavy doping. The Seebeck coefﬁcient of the samples is
 negative-type conduction in the whole measurement tempera-
ure range, indicating n-type characteristic materials. The absolute
alue of the Seebeck coefﬁcient, |S|, the value of Sr2MnMoO6, was
ound to be approximately 200 V/K at room temperature. The |S|
alues increased for just x = 0.1 sample, and then decreased with
ncreasing La content. The |S| values of all the samples monotoni-
ally increased with increasing temperature.
The power factor, S2, which represents the electrical contri-
ution to overall thermoelectric performance, was calculated from
lectrical conductivity and the Seebeck coefﬁcient. Fig. 6(c) shows
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he S2 values of Sr2−xLaxMnMoO6 as a function of temperature.
he S2 values of all the oxides monotonically increased with
he increasing temperature. This electrical contribution behavior
f La-doping might be inﬂuenced by crystal structure, but the
elationship between electrical properties and crystal structures
y using results of Rietveld refrainment was totally inadequate
or detailed discussions on thermoelectrical properties. As a conse-
uence, the maximum value of the power factor was 0.12 mW/mK2
t 1250 K in the Sr1.9La0.1MnMoO6 sample.
The thermal conductivity, , is another fundamental parameter
or the evaluation of the thermoelectric performance of materials,
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2, and c0 = (c sin ˇ)/2 ∼ c/2.
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nd it may  cancel out an advantage brought about by a large
, as is in the case of metals. Fig. 7 shows the  values of the
.0 ≤ x ≤ 0.3 samples as a function of temperature. All the  values
xamined in this system were signiﬁcantly lower than the values
enerally observed for oxides. The  values of the samples were
pproximately 0.6–1.0 W/mK  at room temperature, and exhibited
emperature-independent behavior. This may be caused by the rel-
tive increase in the temperature-independent phonon impurity
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cattering. It is well known that the total thermal conductivity total
f solids can be written as follows:
total = ph + el,
here ph is the lattice contribution and el is the electronic contri-
ution. el can be calculated using the Wiedemann–Franz–Lorenz
elation as follows:
el∼L0T,
here L0 is the Lorenz number,  is the electrical conductivity,
nd T is the absolute temperature. ph is obtained by subtracting
el from total. The L0T values of these compounds are shown by
lack diamond symbols of each sample symbols in Fig. 7. The L0T
alues of these samples range from 10−3 to 10−1 W/mK,  which is
he measured temperature range, and thereby total is almost equal
o ph (=total − L0T). According to phonon conduction theory, the
ystematic decrease in the ph value with increasing temperature
s due to the dominance of phonon-phonon scattering. However,
he  values of all the samples become less dependent on tem-
erature. The details of the relationship between the temperature
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ependence of the  values and the lattice contributions (i.e., the
honon–phonon scattering) of the samples have not been clariﬁed.
The dimensionless ﬁgures of merit of Sr2−xLaxMnMoO6 were
alculated by the equation ZT = (S2/)T, which evaluates the
erformance of thermoelectric materials. Fig. 8 shows the
imensionless ﬁgure of merit of Sr2−xLaxMnMoO6 samples as
 function of temperature, ranging from room temperature to
100 K. As the power factor of the oxides increased with temper-
ture, and the  values were signiﬁcantly low although there was
emperature-independent action over the entire measured tem-
erature range, the dimensionless ﬁgure of merit increased with
emperature. Sr1.9La0.1MnMoO6 showed the highest ZT value, as
igh as 0.13 at 1100 K.
. Conclusions
The physical properties of the double-perovskite oxides
r2−xLaxMnMoO6 were investigated at temperature ranging from
oom temperature to 1250 K in terms of the A-site substitution
ffect. From the XRD study, we  obtained almost single-phase
amples. At room temperature, the  value increased with
ncreasing La substitution at x = 0.1 and 0.2, then remained
nchanged or slightly decreased at 0.3 ≤ x ≤ 1.0. The tempera-
ure dependence of the electrical conductivities increased with
ncreasing temperature, thereby showing semiconductor charac-
eristics from 300 K to 1250 K. The absolute value of the Seebeck
oefﬁcient increased with increasing temperature, and the val-
es ranged widely from 20 to 370 of Sr2−xLaxMnMoO6. The
ower factor increased with increasing temperature, and the
r1.9La0.1MnMoO6 sample reached S2 = 0.14 mW/mK2 at 1250 K.
he thermal conductivities of the oxides were 0.6–1.0 W/mK  and
howed temperature-independent behavior. The dimensionless
gures of merit, ZT = (S2/)T, of Sr2−xLaxMnMoO6 were calculated.
s a consequence, Sr1.9La0.1MnMoO6 showed the highest value for
T, reaching 0.13 at 1100 K. Thus, according to the present study, the
ouble-perovskite Mn  oxide A2MnB′′O6, is suggested to have a high
otential for thermoelectric conversion materials, in which signif-
cantly low thermal conductivity can coexist with high electrical
ontributions. In particular, the thermal conductivity of double-
erovskite oxides has been predicted to have signiﬁcantly low
hermal conductivity [12–15,28], which has been proved in the
resent study.
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